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There is signiﬁcant interest in developing vaccines to control bovine tuberculosis, especially in wildlife species where this disease
continues to persist in reservoir species such as the European Badger (Meles meles). However, gaining access to populations of
badgers (protected under UK law) is problematic and not always possible. In this study, a new infection model has been developed
in ferrets (Mustela furo), a species which is closely related to the badger. Groups of ferrets were infected using a Madison infection
chamber and were examined postmortemfor the presence of tuberculous lesions and to provide tissue samples forconﬁrmation of
Mycobacterium bovis by culture. An infectious dose was deﬁned, that establishes infection within the lungs and associated lymph
nodes with subsequent spread to the mesentery lymph nodes. This model, which emphasises respiratory tract infection, will be
used to evaluate vaccines for the control of bovine tuberculosis in wildlife species.
1.Introduction
The persistence of the bovine tuberculosis problem in cattle
and other species on a worldwide basis has led to the
reappraisal of control programmes to counter this disease.
The current direction for research into the control of bovine
TB includes evaluation of vaccines that may be deployed in
wildlife populations, including badgers (Meles meles)[ 1, 2].
This work has been largely driven through an experimental
model approach [3] .D e s p i t ec o n s i d e r a b l ea d v a n c e si no u r
understanding of the pathogenesis and immunology of the
disease and the impact of vaccination in a range of species,
there remains a signiﬁcant paucity of information relating
to vaccine eﬃcacy. Signiﬁcant advances have been made
through the use of M. bovis BCG; yet, some studies reported
partial protection in badgers against experimental challenge
[3, 4]. There remains a need to evaluate other types of vac-
cines(proteinsubunitvaccinesforexample)thatmayinduce
enhanced protection from infection or even boost Mycobac-
terium bovis (M. bovis) BCG generated immunity [5].
The use of free ranging badgers taken from wildlife
populations and held in captivity, to study vaccine eﬃcacy,
is problematic, primarily since the badger is a protected
species under UK legislation and removal of wild animals
for experimentation is very emotive to the public. Using a
surrogate species, such as the ferret (Mustela furo), brings
a number of advantages that include the availability of
animals from licensed suppliers, the capacity to control
a number of signiﬁcant experimental features, and the
opportunity to adopt a multifaceted approach to the study
(controlled infection dose, pathogenesis, immunology, and
culture conﬁrmation).
The ferret has been used in various experimental models
to study a number of human pathogens to which it is
susceptible [6–8]. However, this species is also susceptible
to infection with M. bovis [9] and it is closely related to
the European badger (both are members of the Mustelidae),
making it an attractive surrogate species in which to
develop an aerosol infection model when wild badgers are
unavailable.2 Veterinary Medicine International
The main purpose of this study was to establish an exper-
imental model of infection in the ferret using aerosolised M.
bovis by deﬁning the optimum challenge dose that could be
used to induce disease. In doing so, we intend to use this
model in future studies to measure the eﬃcacy of protein
subunit vaccines.
2.MaterialsandMethods
2.1. Experimental Rationale and Design. The purpose of this
study was to establish an M. bovis infectious dose delivered
by aerosol, to initiate infection and establish the disease in
ferrets.This is part of alargerstudy tomeasurethe eﬃcacyof
antibovine tuberculosis vaccines for wildlife species. In order
to deﬁne the optimal M. bovis challenge dose, we infected
ferret groups with either 1 × 102 CFU or 5 × 103 CFU of M.
bovis strain AF2122/97 (a kind gift from Dr M. Vordermeier,
VLA, Weybridge) and carried out postmortem examinations
at 8 and 20 weeks post infection (PI).
Prior to the commencement of any procedures, approval
to carry out ferret-based experiments was given by the UK
Home Oﬃce and the AFBI Ethics Review Committee and all
procedures were carried out in accordance with the United
Kingdom Animals (Scientiﬁc Procedures) Act 1986.
2.2. Ferrets. Ferrets used in this experiment were born into
litters within a two-week period and were fully weaned when
they arrived into AFBI. Sixteen male ferrets were obtained
from approved UK suppliers, through Harlan Laboratories,
UK. Upon arrival at the biosecure containment level 3 suite,
ferrets were split into two groups of 8 depending on litter
and age and housed in bespoke pens with environmental
enrichment. The mean age (SD) for the group of ferrets
on arrival at AFBI was 6.4 (SD 0.51) weeks. At the time of
infection, the mean age (SD) was 20.4 (0.51) weeks. This
building was maintained under negative air pressure, with
high-eﬃciency particulate air (HEPA) ﬁltration. In addition
to cleaning each pen and replacing food (James Wellbeloved,
UK) and water on a daily basis, each ferret was handled and
examined for any signs of infection (demeanour, movement,
bite wounds, etc.). The individual weight of each ferret was
recorded on a weekly basis throughout the duration of the
experiment to provide an additional measure of health.
2.3. Preparation of M. bovis for Aerosol Experiments. M.
bovis strain AF2122/97, a virulent ﬁeld strain isolated from
a cow found to have caseous lesions in the lung and
bronchomediastinal lymph nodes, was used as the inoculum
for aerosol exposure. Unicellular M. bovis stock cultures were
prepared as described previously [10]. For aerosol exposure,
aliquots of unicellular M. bovis stock cultures were thawed
and diluted to the desired concentration in sterile 0.01M
phosphate buﬀered saline (PBS), pH 7.2 immediately before
use.
2.4. Aerosol Exposure. All ferrets were exposed to M. bovis
using a Madison aerosol chamber, essentially as described by
Rodgers et al. [10]. Two groups of ferrets were established
andwereinfectedwitheither1×102 or5×103 CFUM.bovis.
Priortoinfectionunicellularculturesat106 CFUpermL,was
placedintheaerosolchambernebulizerjarwiththeexposure
cycle pre set to deliver the appropriate infection dose.
Following the timed exposure period, the infection chamber
was purged with clean, ﬁltered air and the ferret groups were
returned to their pens. During each infection cycle the air
stream carrying aerosolized M. bovis was sampled into an all
glass impinger (AGI) containing phosphate buﬀered saline
(PBS) to calculate the actual infective dose (CFU) delivered
to each group. One hundred µl of PBS from each impinger
(undiluted, 1 in 10, 1 in 100 and 1 in 1000 dilutions in
PBS) were inoculated in quadruplicate onto 7H11-OADC
agar plates and incubated at 37◦Cf o ru pt o6w e e k s .
2.5. Faecal Sampling. A sample of faeces was collected from
the latrine area of each pen every week for the duration of
the experiment, to monitor excretion of M. bovis in faeces.
Samples were split into two aliquots and decontaminated
using either 0.075% (ﬁnal volume) hexadecylpyridinium
chloride (HPC) or 5% (ﬁnal volume) oxalic acid followed by
centrifugation at 3000g for 15min. Pellets were resuspended
in 1mL 0.01M sterile phosphate buﬀered saline (pH 7.2)
and inoculated onto the BACTEC MGIT 960 culture system.
Suspect M. bovis culture positive samples were stained using
the Ziehl-Neelsen method. Samples from faeces shown to
contain typical acid-fast rods were conﬁrmed as M. bovis
positive using Variable Number Tandem Repeat (VNTR)
typing to conﬁrm re-isolation of AF2122/97 [11].
2.6. Postmortem Examination and Lesion Score. During the
design of this experiment, we decided to use the culture of
M. bovis from tissues as the primary indicator for infection.
Thereasonforthiswasthattherewaslikelytobeverylimited
amounts of tissue available for laboratory conﬁrmation
techniques. Any attempt to prepare tissues for bacteriology
and histopathology would compromise both techniques and
experience gained from previous experiments in cattle that
demonstrated a superior sensitivity with culture techniques
compared to histopathology. In addition, M. bovis induced
lesions are diﬃcult to discern in ferrets, with bacteriology
greatly enhancing detection of M. bovis infection [12].
At the end of each experimental period, each ferret was
euthanized using isoﬂuorothane gas followed by pentobarbi-
tone overdose and examined for the presence of tuberculous
lesions. Prior to dissection, the fur on each animal was
clipped andwashedinchlorhexidine surgicalscrubtoreduce
the potential for microbial contamination. Carcasses were
dissected and tissue samples carefully removed into sterile
containers for further examination and for preparation prior
toinoculationontoculturemedia.Duringcarcassdissection,
a standardised protocol was followed to ensure consistency
and accuracy. Firstly, the lungs were removed and cut into
four quarters representing right upper and lower and left
upper and lower sections. The kidneys, liver, and spleen
were then removed followed by the mesenteric lymph node.
Finally, the submandibular lymph nodes were removed
and, if visible, the retropharyngeal lymph nodes. Prior toVeterinary Medicine International 3
preparation for culture, all tissues were dissected in detail to
identify and measure lesions, if present.
Tuberculous lesions, if present, were measured, recorded
and assigned a lesion score according to their presence
and extent. When lesions were absent, a score of zero was
recorded. If one small focus of infection was seen a score
of 1 was recorded. When several foci or an area of necrosis
(measuring 5mm or greater) was observed, a score of 2 was
given and when multiple lesions and/or extensive necrosis
was observed, a score of 3 was recorded. Only lesions that
had been conﬁrmed as tuberculosis following isolation of
M. bovis were used in the analysis of postmortem scores. All
tissues removed for examination and culture were assigned a
postmortem score.
All postmortem examinations were carried out within
thecontainmentlevelthreesuite,undernegativeairpressure,
where complete sterility could not be guaranteed. For this
reason, all tissue samples were considered to be potentially
contaminated through exposure to the environment.
2.7. Preparation of Tissue Homogenates for Culture. At o t a lo f
156 samples were submitted for both qualitative and quanti-
tativebacteriologicalcultureat8weeksand20weeksPI,with
sampled tissues including the submandibular, mesenteric,
and lung-associated lymph nodes (LNs), as well as the lungs,
liver, spleen, and kidneys. Each tissue sample was trimmed
to remove fat, weighed, dissected carefully to reveal lesions
indicative of tuberculosis and then sliced into approximately
5mm cubes. The cubed tissue samples were then placed
intodoublethicknessstomacherbags(Seward,Worthington,
UK) with between 5 and 10mL PBS (depending on the
weightofsample)andhomogenisedinastomacher(Biomas-
ter 80, Seward) at high speed for 2min. Tissue homogenates
were decanted into sterile universal bottles for inoculation
intomediaforqualitativeandquantitativeculture.Urinewas
recovered from the bladder in most cases but not in suﬃcient
volumes to allow a full bacteriological analysis. Despite this,
samples were swabbed onto 7H11-OADC agar plates and
incubated at 37◦Cf o ru pt o6w e e k s .
2.8. Qualitative Culture. For qualitative culture, tissue ho-
mogenates were inoculated into the BACTEC MGIT 960
culture system and incubated for up to 56 days. Samples
identiﬁed as positive by the BACTEC MGIT 960 system were
stained using the Ziehl-Neelsen method. Samples containing
typical acid-fast rods were presumed to be positive for M.
bovis and analysed further by VNTR to indentify the strain
[11].
2.9. Quantitative Culture. For quantitative culture, 100µlo f
tissue homogenates (undiluted, 1 in 10, 1 in 100 and 1 in
1000dilutionsinPBS)wereinoculatedinquadruplicateonto
7H11-OADC agar plates and incubated at 37◦Cf o ru pt o6
weeks. Tissue homogenates were decontaminated in 0.075%
(ﬁnalvolume) hexadecylpyridinium chloride (HPC) prior to
inoculation onto 7H11-OADC agar plates. M. bovis colonies
were counted weekly from 3 weeks onwards and the average
colony counts at 6 weeks post-inoculation used to calculate
the total number of CFU per g of sample. M. bovis colonies
were initially identiﬁed on the basis of colony morphology
and a selection of colonies were prepared for VNTR typing
to conﬁrm isolation of AF2122/97 [11].
2.10. Data Analysis. Where appropriate, data was analysed
using GraphPad InStat version 3.05 for Windows NT. Data
was analysed by one-way analysis of Variance (ANOVA) with
Tukey-Kramer multiple comparisons test.
3. Results
3.1. Clinical Observations. All ferrets were examined on a
daily basis for signs of ill health and bite wounds, were
observed feeding and drinking regularly, and appeared to be
ingoodhealthduringtheentireexperimentalperiod.During
this period, no adverse clinical signs were observed in any of
the ferrets. A number of ferrets had bite wounds between the
shoulders,butthesewereconsideredtobeminoranddidnot
warrant treatment. The weight of each ferret was recorded
every week and used as an indirect measure of health status.
During the experimental period, all ferrets either maintained
or gained weight, with the exception of two animals where
theweightlosswas4.8%and12.8%.Therewasnosigniﬁcant
diﬀerence between the mean weight of each group at time
point zero (preinfection) or at the time when postmortem
examinations were carried out (data not shown).
3.2. Aerosol Exposure. At the outset, the intention was to
infecteachgroupofferretswitheither1×102 CFUor5×103
CFU M. bovis. The actual dose delivered was estimated by
capturing aerosolised M. bovis from the airstream delivered
to the Madison chamber for culture onto 7H11 media. The
actual dose delivered to each group was calculated to be
0.8×102 CFU (lower dose) and 1.1×103 CFU (higher dose).
3.3. Culture of M. bovis from Faeces. A total of 49 faeces
samples were collected during the experiment for qualitative
culture using the BACTEC MGIT 960 system. Samples
collected prior to infection were culture negative for M.
bovis. After infection and up to 20 weeks after infection
(end of experiment), a total of 10 faeces samples were found
to be positive for M. bovis (between 5 and 18 weeks post
infection), of which nine originated from the group infected
with 1.1 × 103 CFU. Isolates obtained from all ten positive
faeces were conﬁrmed as AF2122/97 using the VNTR typing
method. Culture positive faeces samples were only detected
by the BACTEC MGIT 960 system after decontamination
with5%oxalicacid.Correspondingsamplesdecontaminated
with 0.075% HPC were negative at the end of the incubation
period (56 days).
3.4. Postmortem Examination and Lesion Score. Ferrets were
euthanised at either 8 or 20 weeks PI and examined
postmortem. The greater number of lesions conﬁrmed as
tuberculous, was found in the lungs and lung-associated
lymph nodes. When present, suspect lesions had the appear-
ance of discrete, pale, circumscribed areas which were not4 Veterinary Medicine International
Table 1: Isolation of M. bovis from a range of tissues taken from 4 ferrets infected with 0.8×102 CFU and examined postmortem at 8 weeks
post infection.
Tag number 432 481 523 564
Tissue LS1 QL2 QN3 LS QL QN LS QL QN LS QL QN
Submandibular LN 0 −− 0 −− 0 −− 0+ 24.3
Retropharyngeal LN 0 −− NS4 NS NS NS NS NS 0 + 31.7
Mesenteric LN 0 + 1.94 0 + 16.3 0 − 32.8 1 + 1080
Upper left lung 0 −− 0 + 2.96 0 −− 0+ 36.8
Lower left lung 0+ − 0+ − 0 − 74.4 0 + 14.9
Upper right lung 0+ 5 . 40+ − 0 −− 0+ −
Lower right lung 0+ − 0+ 3 2 0− 81.8 0 + −
Lung associated LN 0+ − 0 + 11.8 2 − 1190 1 + 46.6
Kidney 0 −− 0 −− 0 −− 00 152
Liver 0 − 88 0 + − 0 −− 0+ −
Spleen 0+ − 0 −− 0 −− 0+ 8.5
Kidney (2) 0 −− NS NS NS NS NS NS NS NS NS
1L S :l e s i o ns c o r e .
2QL: qualitative bacteriology.
3QN: quantitative bacteriology (×102 CFU/g).
4NS: not sampled.
necrotic or caseous. Typically, lesions were less than 5mm
in diameter and did not coalesce. In each infection group,
the tissues where lesions were most likely disclosed were the
lungs and lung associated lymph nodes. Postmortem scores
ranged between 1 and 3 and were consistently higher with
the greater infection dose (Tables 1 to 4). After the lungs,
the mesenteric lymph nodes were the site most likely to ﬁnd
lesions,althoughthepostmortemscoreswerelower,between
1 and 2. Only three additional lesions were found with a PM
score between 1 and 2, and these were in the spleen tissue
of ferrets infected with 1 × 103 CFU (Tables 1–4). A range
of tissues were examined and sampled for bacterial culture.
These included the lungs, lung-associated lymph nodes, the
submandibular and mesenteric lymph nodes, spleen, liver,
and kidneys. If visible, the retropharyngeal lymph nodes
were also removed. When examined at 8 weeks PI, the mean
postmortem score for lesions disclosed in the group infected
with 0.8 × 102 CFU was 1 (SEM 0.56) compared to 9.25
(SEM 1.1) in the group infected with 1.1 × 103 CFU. A
mean postmortem score of 1.25 (SEM 1.25) was calculated
for the group infected with 0.8 × 102 CFU and examined
postmortem at 20 weeks, compared to 7.75 (SEM 1.31) for
the group infected with 1.1 × 103 CFU examined at 20
w e e k sP I( Figure 1). The diﬀerences in the postmortem score
between groups infected with 0.8 × 102 and 1.1 × 103 CFU
and examined at 8 weeks PI were statistically signiﬁcant
(P<. 001). Diﬀerences were also statistically signiﬁcant at
the P<. 01 level between the group infected with 0.8 ×
102, examined at 8 weeks PI and the group infected with
1.1 × 103 CFU at 20 weeks PI, and the group infected
with 0.8 × 102 CFU at 20 weeks PI compared to the group
infected with 1.1 × 103 CFU and examined at 8 weeks PI
(Figure 1).
3.5. Culture of M. bovis from Tissue Samples. During post-
mortem examination, a number of urine samples were
removed for culture; however, M. bovis was not isolated
from any of these samples. Of the 156 tissue samples
submitted, M. bovis was isolated from 102 samples (65%)
using a combination of qualitative and quantitative culture.
Isolates obtained from a representative panel of culture
positive samples were conﬁrmed as AF2122/97, by VNTR.
The number of samples from which M. bovis was isolated
(qualitative culture), and the concentration of M. bovis
(CFU/g×102) in the samples (quantitative culture) is shown
in Tables 1 to 4.
At 8 weeks PI, M. bovis was isolated from 29/43 samples
(69%) from the group infected with 0.8 × 102 CFU using
a combination of qualitative and/or quantitative culture
compared to 30/42 samples (71%) from the group infected
with 1.1 × 103 CFU. Estimates of bacterial counts varied
widely within both groups examined at 8 weeks PI (Tables
1 and 2). The diﬀerences between mean group values for
bacterial load were not statistically signiﬁcant. In both the
0.8×102 and1.1×103 CFUgroupsat8weeksPI,M.boviswas
consistently isolated from the lower respiratory tract (lungs,
lung-associated lymph nodes) and mesenteric lymph nodes
with only occasional isolation from the extrapulmonary sites
(submandibular and retropharyngeal LN, kidney, liver, and
spleen).
At 20 weeks PI, M. bovis was isolated from 16/40 (40%)
samples from the group infected with 0.8 × 102 CFU using
a combination of qualitative and/or quantitative culture
compared to 32/40 (80%) samples from the group infected
with 1.1 × 103 CFU. Estimates of bacterial counts varied
widely within both groups examined at 20 weeks PI (Tables
3 and 4). The diﬀerences between mean group values forVeterinary Medicine International 5
Table 2: Isolation of M. bovis from a range of tissues taken from 4 ferrets infected with 1.1×103 CFU and examined postmortem at 8 weeks
post infection.
Tag number 349 358 728 884
Tissue LS1 QL2 QN3 LS QL QN LS QL QN LS QL QN
Submandibular LN 0+ − 0 −− 0 −− 0 − −
Retropharyngeal LN NS4 NS NS 0 −− NS NS NS 0 − −
Mesenteric LN 1+ − 2+ − 1+ − 1+ −
Upper left lung 1+ − 0+ − 2+ − 2+ −
Lower left lung 2+ 3 4 1+ − 2+ − 0 − −
Upper right lung 2 + 21.6 0 + − 2+ − 0 − −
Lower right lung 2 + 21.7 2 + − 3+ − 2+ −
Lung associated LN 0 + 52.3 2 + − 2+ 7 2 + −
Kidney 0 −− 0 −− 0 − 0.22 0 − −
Liver 0 − 38.5 0 −− 0 + 26.3 0 − −
Spleen 2 + 51.1 1 + − 0 + 0.19 0 − 2.31
1L S :l e s i o ns c o r e .
2QL: qualitative bacteriology.
3QN: quantitative bacteriology (×102 CFU/g).
4NS: not sampled.
Table 3: Isolation of M. bovis from a range of tissues taken from 4 ferrets infected with 0.8×102 CFU and examined postmortem at 20 weeks
post infection.
Tag number 262 456 940 78968
Tissue LS1 QL2 QN3 LS QL QN LS QL QN LS QL QN
Submandibular LN 0 −− 0 − 2.1 0 −− 0 − −
Retropharyngeal LN NS4 NS NS NS NS NS NS NS NS NS NS NS
Mesenteric LN 1 + 25.7 0 + 0 + 70 0 + 7.0
Upper left lung 2+ − 0 − 417 0 −− 0 − −
Lower left lung 2+ − 0 −− 0 −− 0 − −
Upper right lung 0 −− 0 −− 0 −− 0 − −
Lower right lung 0 −− 0 −− 0 −− 0 − −
Lung associated LN 0 + 62.5 0 + − 0 −− 0+ 80.6
Kidney 0 −− 0 −− 0 −− 0 − −
Liver 0+ − 0+ − 0 −− 0 − −
Spleen 0 + 0.78 0 + − 0 −− 0+ −
1L S :l e s i o ns c o r e .
2QL: qualitative bacteriology.
3QN: quantitative bacteriology (×102 CFU/g).
4NS: not sampled.
bacterial load were not statistically signiﬁcant. At 20 weeks
PI, M. bovis was isolated from all of the mesenteric and lung-
associated LN cultured from the 0.8 × 102 CFU infection
group, whereas M. bovis was isolated on only a few occasions
from lungs, and extra-pulmonary sites. In contrast, M. bovis
was isolated consistently from the lungs and spleen as well as
the lung associated LN and mesenteric LN in the 1.1 × 103
CFU group at 20 weeks, with only occasional isolation from
kidney and liver tissues. M. bovis was isolated from only one
submandibular LN in the 0.8 × 102 CFU infection group at
20 weeks PI.
3.6. Strain Conﬁrmation by VNTR. In total, 65 putative M.
bovis isolates from AGI, faeces, and tissue samples were
analysed further by VNTR. All were conﬁrmed to be M. bovis
strain AF2122/97.6 Veterinary Medicine International
Table 4: Isolation of M. bovis from a range of tissues taken from 4 ferrets infected with 1.1×103 CFU and examined postmortem at 20 weeks
post infection.
Tag number 015 507 780 89968
Tissue LS1 QL2 QN3 LS QL QN LS QL QN LS QL QN
Submandibular LN 0 −− 0 −− 0 −− 0 − −
Retropharyngeal LN NS NS NS NS NS NS NS NS NS NS NS NS
Mesenteric LN 1 + 239 0 + 20.6 0 + 224 2 + 11.4
Upper left lung 0 + 2.1 3 + 387 3 + 0.21 0 + −
Lower left lung 0 + 2.98 1 + 13.6 1 + 6.7 1 + −
Upper right lung 0 + 0.45 3 + 1.5 3 + 2.45 0 − −
Lower right lung 2 + 0.39 3 + 2.3 3 + 4.82 2 + −
Lung associated LN 1 + 1550 0 + 4.3 0 + 3490 0 + 9.38
Kidney 0 −− 0 − 19.1 0 + − 0 − −
Liver 1 − 0.63 0 −− 0 + 9.48 0 + −
Spleen 0 + 0.81 0 + − 0 + 25.5 1 + −
1L S :l e s i o ns c o r e .
2QL: qualitative bacteriology.
3QN: quantitative bacteriology (×102 CFU/g).
4NS: not sampled.
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Figure 1: The mean postmortem scores for each group of ferrets
infected with either 0.8 × 102 or 1.1 × 103 CFU M. bovis and
examined postmortem at either 8 or 20 weeks post infection.
Diﬀerences between the 102 and 103 CFU infection groups at 8
weeks post infection were signiﬁcant at the P<. 001 level, while
diﬀerences at week 20 post infection were signiﬁcant at the P<. 01
level.
4. Discussion
The purpose of this study was to establish an experimental
model of infection in the ferret, using M. bovis culture as the
main read out, that would induce disease and prove suitable
for the future evaluation of vaccine eﬃcacy. In addition,
the lower respiratory tract was targeted in this experiment
since bovine tuberculosis is principally an infectious disease
of the respiratory system [13, 14]. Some tissues from the
upper respiratory tract (submandibular lymph nodes) were
removed for culture while others (retropharyngeal lymph
nodes)provedverydiﬃculttolocate.Noattemptsweremade
to sample nasal mucus, for example, due to the need for
frequent anaesthesia and its inherent risks. This rationale
follows the ﬁndings summarised by Corner et al. [15].
The immunology of vaccination and challenge in the ferret
infection model will be described elsewhere.
At the outset, we intended to deliver two infection doses
of M. bovis with a 50-fold diﬀerence in CFU, in order to
measuretheimpactofdoseontheestablishmentofinfection.
However, the actual diﬀerence between the two doses was
14-fold but we were still able to observe diﬀerences between
thesegroupsat8and20weekspostinfection.Atpostmortem
examination a number of tissues appeared to be tuberculous
and only those lesions where infection was subsequently
conﬁrmed by culture, were assigned a postmortem score and
used in analysis. Diﬀerences in lesion score between the two
infection groups were statistically signiﬁcant (P<. 001).
It would appear that despite administration of a heavier
infection dose and a longer infection period, there was
not a greater disease burden at 20 weeks post infection.
This observation could be explained by a lack of biological
signiﬁcance between the two infection doses. However, since
there was no signiﬁcant development of disease as measured
by culture conﬁrmed lesions, this suggests that ferrets, as
with badgers, may become latently infected [14, 15], rather
than progress toward a more severe form of the disease.
Bacteriological culture provided a reliable and speciﬁc
method for the isolation of the infection strain (M. bovis
AF2122/97)fromtissuesamplesobtainedinthisexperiment.
The combination of qualitative (BACTEC MGIT) and
quantitative (7H11-OADC agar plates) culture resulted in
isolation of M. bovis from 67% tissue samples submitted for
culture, including decontaminated and recultured samples.
In total, 69% M. bovis positive samples were detected by
both qualitative and quantitative culture. M. bovis was
isolated from a further 41% samples by qualitative culture
alone and 11% samples by quantitative culture alone. These
results illustrate that neither culture method, when usedVeterinary Medicine International 7
individually, was capable of detecting all of the M. bovis
positive samples and emphasises the importance of applying
more than one culture method to maximise recovery of
viable mycobacteria [16–19].
Bacterial counts varied widely with the lowest count
observed in the 0.8 × 102 group examined at 8 weeks PI
while the highest bacterial count was observed in the 1.1 ×
103 group examined at 20 weeks. Tissues which consistently
had the highest bacterial counts included the lungs, lung-
associated lymph node, and mesenteric lymph nodes, with
lower bacterial counts commonly observed in tissues such as
the liver, spleen, and kidney. This is a feature of the aerosol
infection method [10] and conﬁrms delivery of M. bovis to
the lower respiratory tract tissues of the lung [10, 20, 21]
where infection was established. However, the ﬁnding that
all mesenteric lymph nodes were infected was surprising
and less easily explained. Irrespective of bacterial load, each
ferret was found to have infected mesentery lymph nodes,
a ﬁnding that could be peculiar to this model using this
route of infection and infectious dose. Lugton et al. (1997)
concluded that in naturally infected New Zealand ferrets,
infection was acquired primarily by the oral route, most
likely through scavenging TB-infected carrion [22]. In over
60% of naturally infected ferrets with gross lesions, the
mesentery lymph nodes were found to be infected. These
ﬁndings diﬀer from those reported in this study where
the route of infection and, likely, the infectious dose were
very diﬀerent. Gallagher et al. reported faecal excretion in
65% of naturally infected badgers with pulmonary lesions,
with between 102 and 105 CFU M. bovis per gram of
faeces [23]. Exposure initiated by inhalation of M. bovis can
establish infection in the lungs with subsequent spread by
haematogenous dissemination to distal lymph nodes, and
visceral organs [24, 25]. There were no signiﬁcant diﬀerences
in the mean bacterial counts between the groups. However,
there was considerable range in the numbers of bacteria
recovered. This conﬁrms the pattern of distribution for M.
bovis primarily to the lung with spread to the mesenteric
LN. Spread of infection to the kidneys, spleen, and liver was
not conﬁned to those ferrets with high bacterial loads in
the lungs. Although this study was based on small numbers
of ferrets in each infection group, this data suggests that
spread of infection between various organs was inﬂuenced
by a factor or factors other than bacterial load. Currently, we
do not have suﬃcient additional data (histopathology, e.g.)
to explain these ﬁndings but analysis of immunological data,
when available, may provide clariﬁcation.
Faecal samples were taken from the latrine area of
each pen to determine if M. bovis was excreted during the
infectionperiod.Itwasimportanttoestablishwhetherornot
faecal excretion was a feature of this model, and, if so, would
vaccination experiments (as part of the long term strategy)
prevent release from infected animals? A small proportion
of faecal samples were positive by BACTEC MGIT culture,
with a clear bias towards groups receiving 1.1 × 103 CFU.
Faecal excretion is not surprising since M. bovis was isolated
from the mesenteric LN of all ferrets. Interestingly, M. bovis
was isolated from faecal samples treated with oxalic acid
but not from corresponding samples treated with HPC,
indicating greater toxicity of HPC for M. bovis cells. This
is in sharp contrast to previous published ﬁndings relating
to use of decontamination agents [26]; however, much
of this work was carried out with tissue samples rather
than faecal samples. The recovery of M. bovis from faeces
indicatesexcretionofviablebacteria,whichcouldpotentially
act as a source of reinfection for ferrets. It is diﬃcult to
determine whether reinfection occurred via the oral route
in this experiment. In ﬁeld cases of TB in ferrets gross
lesions are often observed in LN draining the alimentary
tract, particularly the retropharyngeal and mesenteric LN
[9, 27, 28]. In addition, over 60% of ferrets displaying
gross lesions at a single tissue site also had infection of
the mesenteric LN [27]. Such observations have led to the
assumption that TB in wild ferrets is transmitted via the oral
route through scavenging of TB-infected carcasses [24], an
infectious dose which is necessarily higher than doses given
via the respiratory route [29].
However, Cross et al. described oralinoculation in ferrets
whereM.boviswasisolatedfromthoselymphnodesdraining
the head and mesenteries, with spread to the thoracic area,
possibly by bacteraemia [30]. In our model, this mechanism
may also account for the spread from the thoracic cavity to
the mesenteries. It is unlikely that coprophagy contributed to
reinfection or enhanced spread, since typically, bacterial load
was less in mesenteric lymph nodes compared to the lungs.
Despite the diﬀerences in the two intended doses, aerosol
infection establishes infection primarily in the lungs and
associated lymph nodes with spread to the mesentery lymph
nodes and occasionally to the liver, spleen, and kidneys. The
model described here resembles the natural infection seen
in badgers where the infection is principally found in the
respiratory tract [14]. It is also clear that isolation of M. bovis
by culture is sensitive and speciﬁc; however, reliance on one
culture method alone is not suﬃcient to maximise recovery
of M. bovis from a range of tissues.
The development of an infection model in ferrets to
measure vaccine eﬃcacy is not novel. Qureshi et al. reported
partial protection in ferrets vaccinated with M. bovis BCG
and challenged with M. bovis, both delivered by the oral
route [31]. The challenge dose for this study was 5 × 106
CFU M. bovis, considerably greater that the dose given to
ferrets in the current study. However, proof of principle was
established with demonstration of immunity to infection. In
future studies, the authors aim to reﬁne ferret vaccination
and challenge to identify vaccines that are eﬀective in the
control of bovine tuberculosis.
5. Conclusions
From the ﬁndings described above, we have established
an infection model in the ferret. There are a number of
similarities between this model and the natural disease
seen in badgers, including the establishment of respiratory
disease, spread of infection to the viscera and in the potential
to establish latent infection. These factors indicate that this
model is pertinent to the study of bovine tuberculosis in
badgers. Given the phylogenetic similarity of badgers and8 Veterinary Medicine International
ferrets, there is a distinct advantage in developing this
model further to study vaccines designed to control M.
bovis infection in wildlife species. Some questions remain
unanswered; however, analysis of the immunological data
from this study may clarify the role of this model and
contribute toward a clearer understanding of the immune
responses that follow infection and vaccination.
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